), for which there was no attempt to buffer substrate pH. Both the highest canopy seed yield rate (16.9 g·m -2 ·day -1 ) and the highest shoot harvest index (19.5%) occurred with the 6% resin bead treatment, even though the 10 mM MES and 12% bead treatments maintained pH within the narrowest limits. The pH stabilization methods tested did not significantly affect seed oil and protein contents.
Passive-wicking (capillary) hydroponics is a nutrient delivery system in which fresh solution is transferred continuously to a soilless matrix through a conducting strip of wicking material or interconnecting matrix particles (Resh, 1991) . Typically, a wick supplies nutrient solution to the matrix base, and the fluid is distributed throughout the root zone by capillary action. Passive-wicking hydroponic systems are favored by hobbyists because they are easy to maintain, have no moving parts, and do not require electrical power.
Capillary action within root-support substrates may bean option for water and nutrient delivery systems being developed to support plant growth in microgravity environments of the space shuttle and future space station. The use of conventional bulk liquid hydroponics will be virtually impossible in microgravity because fluid flow, containment, and gas/liquid separations will be extremely complex to manage. -present nutrient delivery models developed for space deliver solution to a porous matrix through micropores in ceramic or stainless steel tubes (Dreschel and Sager, 1989) Received for publication 16 Nov. 1992. Accepted for publication 1 June 1993. Purdue Univ. Agricultural Experiment Station journal paper 13576. We gratefully acknowledge the assistance of Suzanne Nielsen and Mary Ann Rounds, Dept. of Food Science, Purdue Univ., for performing the seed composition analysis, and Paul Williams, Dept. of Plant Pathology, Univ. of Wisconsin, for providing the rapid-cycling brassica germplasm. Research supported in part by NASA grant NAGW-2329. The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact. (Morrow et al., 1992) . Capillary action would then distribute nutrient solution throughout the medium, and solution would be replaced at a rate equal to that of root uptake.
A major drawback of capillary irrigation systems may be growth-limiting pH excursions that occur in artificial root-support substrates having low buffer capacity. During the vegetative stage of development, plants typically require substantial N. If N is supplied as roots secrete in exchange for the consumed (Schon, 1992) . This anion exchange is needed to maintain electrochemical balance, but it results in a steady increase in substrate pH in the rhizosphere/rhizoplane vicinity of the root surface. Similarly, H + is released as roots absorb cations (e.g., K + or causing a steady decrease in substrate pH. Since such reactions do not proceed at the same rate or to the same extent during any stage of plant development, pH extremes near the root surface will adversely affect the availability of mineral nutrients. Artificial growth media lacking substantial ion-exchange capacity may limit growth and yield of crops growing under capillary wicking conditions. Unless sufficient exchange sites are present on matrix particles, boundary layers of excreted ions will accumulate at the root surface.
Stabilizing root-zone pH takes on special significance when substantial crop productivity is required or expected. It is impossible to optimize crop productivity using solid-matrix hydroponics without stabilizing root-zone pH. The objective of the present study was to compare alternative pH stabilization methods for solid-substrate hydroponic systems. We specifically investigated the effects of 2-[ Nmorpholino]ethanesulfonic acid (MES) buffer or cation-exchange resin beads (Amberlite DP-1) on crop yield components of dwarf, rapid-cycling brassica, which is being evaluated as a candidate oilseed crop for the Controlled Ecological Life-Support System (CELSS) program of the U.S. National Aeronautics and Space Administration (NASA).
A passive-wicking, solid-matrix hydroponic system (Leisure Garden 1250; Pathway Systems, Winston-Salem, N. C.) was used for all experiments reported in this study. The 46 × 9-cm growing area within each plastic tray consisted of an upper compartment containing a solid growth medium (2240-cm 3 capacity), a lower nutrient solution reservoir [2240-cm 3 (ml) capacity], a plastic shelf separating the upper compartment from the lower reservoir, and a refill compartment continuous with the reservoir at one end of the tray. A polyester sheet lining the upper side of the shelf dipped into the reservoir at both ends of the tray and wicked nutrient solution to the entire lower surface of the growth matrix. Capillary action then distributed nutrient solution upward into the root zone.
The growth medium used in this study consisted of 2 coarse-grade vermiculite : 1 perlite (v/v). In all cases, the filled trays were rinsed twice with deionized water before planting to leach the substrate of water-soluble impurities that otherwise might adversely affect plant growth during subsequent upward wicking of nutrient solution.
For pH control strategies using MES buffer (Sigma Chemical Co., St. Louis), stock nutrient solution concentrates (4×) were diluted 95% of the way to single strength with purified water (Nanopure D4700; Barnstead Thermolyne Corp., Dubuque, Iowa) before adding appropriate MES concentrates (500 ml). MEScontaining nutrient solutions were then adjusted to pH 5.60 ± 0.05 with 1 N KOH and brought to final volume with water. Control nutrient solutions (lacking MES) initially had an electroconductivity of 2100 ± 200 µS·cm -1 . Solutions were prepared containing 0,5, or 10 mM MES. Nutrient solution reservoirs in each tray were refilled daily with the appropriate test solution during the experiments.
For resin bead incorporation strategies, Amberlite DP-1 (cation-exchange resin beads, 16 to 50 wet mesh, 8.1 meq/g; Sigma) were first conditioned, pH-adjusted, and nutrientloaded as in Barta et al. (1990) . Conditioning involved slow column elution with 20 resinbed volumes of each of the following solutions in sequence: 1 N HCl in 3% (v/v) aqueous methyl alcohol, 1 N NaOH, 1 N HCl, and 10 -3 M Ca(NO 3 ) 2 . For pH adjustment, resin beads were soaked for 48 h in a KOH solution, with KOH concentration dependent on desired pH and ionic strength of the nutrient solution. The nutrient-loading step included another column elution step with highly concentrated (10×) Hoagland 1 nutrient solution. Major cations included K + , Ca +2 , Mg +2 . and micronutrient cations.
The conditioned resin beads were incorporated uniformly into 2 moist vermiculite : 1 perlite substrate (v/v) before seedlings were planted. Resin bead concentrations were 6% or 12% of total substrate volume. The hydroponic tray reservoirs were refilled daily with single-strength Hoagland 1 nutrient solution, pH 5.60 ± 0.05, without MES buffer.
Plants growing in the control treatments were given single-strength nutrient solution throughout the 55-day treatment period. The solution reservoir was refilled to capacity once daily with fresh solution (200 to 1000 ml), depending on water use by plants in a given experimental treatment and crop development stage. Once fresh nutrient solution was added, we made no other attempts to alter or control pH in the growth medium.
Dwarf, rapid-cycling brassica (B. napus, CrGC 5-2, genome ACaacc; Wisconsin Fast Plants, Madison, Wis.) was used in this study. Seeds were pregerminated on filter paper saturated with half-strength Hoagland 1 nutrient solution (Hoagland and Amen, 1950) in petri dishes sealed with Parafilm. After 24 h, seedlings selected for radicle emergence were transplanted carefully into the substrate at a density of 25 plants per tray (581 plants/m 2 ). After germinated seeds were planted in the substrate, the surface of each hydroponic system was covered with a single layer of transparent plastic wrap to ensure a high humidity micro-environment during the first 24 h of seedling establishment. Two planted trays were assigned randomly to each MES buffer and resin bead level tested, and to unaltered control treatments, and placed on a table in a walkin growth room (EGC MK-11-77; Environmental Growth Chambers, Chagrin Falls, Ohio). Newly planted trays were held at a photosynthetic photon flux (PPF) of 182 µmol·m -2 ·s -1 from 400-W metal halide lamps for 24 h, when at least 85% of the seedlings had emerged. The plastic wrap then was removed, and a PPF of 730 µmol·m -2 ·s -1 from highpressure Na (75%) and metal halide (25%) lamps was provided during the 55 treatment days. A continuous photoperiod was used to promote rapid flowering of this long-day species. Other environmental conditions included ambient CO 2 concentration (≈350 µmol·mol -1 ), 80% ±5% relative humidity, and a daily cycle of 25C for 20 h and 20C for 4 h).
Two substrate "plugs" (2.5 g each) were removed from each hydroponic system at weekly intervals, starting on day 0 of treatment. Samples were placed in a beaker with 100 ml of purified water, and the pH of this slurry was measured (ion analyzer model 250 Coming Glass, Corning, N.Y.).
After a 55-day cropping cycle, nutrient solution was withheld, and the hydroponic systems were air-dried for 7 days. At harvest, shoot biomass was partitioned into seeds, siliques, stems, and senesced leaves and flower petals. After the dry-down period, it was not possible to separate roots accurately from the growth medium to measure their dry weight. All shoot biomass, except seeds, was dried for 48 h in a forced-air oven at 75C. Weights were measured with an electronic analytical balance. Seed yield rates were calculated over the entire 55-day cropping cycle (from day 0) using the area of the trays containing the canopy. Yield rates were expressed as grams of air-dried seeds per growth area of trays per 55 days (g·m -2 ·day -1 ).
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The entire experiment was replicated under environmental conditions as close to the first trial as possible. Trends were similar in both experiments, although seed yield rates in the second trial tended to be higher than those in the first experiment. Data from both trials were pooled and analyzed using SAS statistical software (SAS Institute, Cary, N.C.).
Proximate analysis was performed on seeds harvested from each treatment group. Six to 10 g of each seed sample were ground for 30 sec using a Bel-Art Micro Mill (Bel-Art Products, Pequannock, N.J.). Samples then were analyzed for moisture, fat, and protein content, according to standard procedures of the Association of Official Analytical Chemists (AOAC, 1990). Seed oil content was determined by extracting 2-to 3-g samples with petroleum ether for 8 h in a Soxhlet extraction unit. After the extract's petroleum ether had evaporated, the remaining fat was weighed. Protein content was determined from the dry, defatted samples using a micro-Kjeldahl method and a conversion factor of 6.25. Duplicate samples were used to determine seed oil and protein content.
Both MES buffer treatments stabilized substrate pH relative to that of the unbuffered controls throughout the 55-day cropping cycle of the brassica (Fig. 1) . Substrate pH of the unbuffered controls rose from 6.7 at the beginning of treatment to 9.1 (2.4 pH unit range) by day 35 after planting, after which pH gradually declined until harvest. In contrast, the 5-mM MES treatment maintained pH between 6.6 and 7.9 (1.3 pH unit range), with very gradual acidification beginning from day 28 to harvest. Over the course of the experiment, 10-mM MES stabilized pH within a range from 6.6 to 7.3 (0.7 pH unit range), with no further increase in substrate pH after day 21.
Cation-exchange resin beads incorporated into the growth medium also effectively stabilized substrate pH (Fig. 2) . The control group was the same as for the MES buffer treatments. For the 6% bead treatment, pH gradually rose from 6.3 to 7.6 (1.3 pH unit range). After day 35, the pH of the substrate dropped. For the 12% bead treatment, pH increased from 6.6 to 7.0 (a 0.4 pH unit range), and acidification began after day 28. Substrate pH at harvest (day 55) was the same as at the beginning of the experiment for the 12% bead treatment.
The initial rise in substrate pH likely is related to relatively greater anion uptake (mainly during early vegetative growth. Initial flowering occurred between days 17 and 21 for all treatment groups, and the time interval from days 21 to 35 was an active period for secondary flowering, silique enlargement, and seed development. When the maximum demand for N had passed, the crop may have begun taking up relatively more cations than earlier in development, leading to net acidification of the substrate.
Average seed yield of the control plants was significantly lower than the yield of plants receiving pH stabilization treatments (Table  1) . However, there were no significant differences in seed yield per plant among any of the MES buffer or resin bead treatments. Canopy seed yield rates were significantly higher (about double) than that achieved for the control treatment (8. ). The highest yield rate (16.9 g·m -2 ·day -1 ) occurred with the 6% bead treatment. However, canopy seed yield rate with 12% beads or either MES treatment did not differ significantly from each other.
Shoot harvest index (HI, seed weight as a percentage of total shoot dry weight) values for pH-stabilized treatments (15.5% to 19.5%) were significantly higher than the controls (11.5%). The highest shoot HI (19.5%) occurred with the 6% resin bead treatment.
Seed oil (29.5% to 31.9% dry weight) and protein (32.9% to 35.2% dry weight) contents were not affected significantly by root-zone treatments stabilizing pH, suggesting that these seed-yield components were not affected by rhizosphere pH within the ranges tested for this brassica species.
Root-zone pH has a significant effect on plant growth and development. Lucas and Davis (1961) showed that nutrient availability in organic soils declined rapidly with either strongly acidic (pH < 5.0) or weakly alkaline (pH>7.0) root-zone conditions. Nutrient availability also may be aggravated for crops grown in unbuffered hydroponic or soilless cultures (Schon, 1992) .
When pH extremes reduce nutrient availability, crop yield suffers. This may be especially true for reproductive parts. Wallihan et al. (1977) reported a 50% reduction in yield of hydroponically grown tomatoes (Lycopersicon esculentum Mill.) if root-zone pH was >8.5. In addition, a pH range from 5.5 to 6.5 has been identified as optimum for a wide variety of crop species (Islam et al., 1980) . Most previous plant-growth studies using MES buffer or cation-exchange resin beads were conducted using recirculating liquid hydroponic systems, with emphasis on determining potentially toxic effects from MES or beads. In recirculating hydroponics, pH can be maintained precisely by an electronic pH controller. The present study with passive-wicking hydroponics differs in that there was neither recirculation of nutrient solution nor root rinsing. Our preliminary data indicated that periodic flushlng of the medium with water or fresh nutrient solution was ineffective in controlling pH in artificial substrates with limited ion-exchange capacity. Therefore, use of MES buffer or incorporated resin beads offered possible means to stabilize pH within the root zone of passive-wicking hydroponic systems. Bugbee and Salisbury (1985) used 1 to 10 mM MES buffer to grow diverse crops in liquid-culture hydroponics. Their results suggested that 1 to 3 mM MES provided sufficient pH buffering capacity without adversely affecting plant growth and development. For all species tested, except wheat (Triticum aestivum L.), MES buffer had no effect on measured plant-growth characteristics over the concentrations tested. Ewing and Robson (1991) incorporated 1 to 10 mM MES buffer into nutrient solutions used to grow several Medicago species. No adverse effects were found at any treatment level tested. However, Rys and Phung (1985) reported growth reduction of Trifolium repens L. when 9 mM MES was used to buffer pH. MES at 2 mM did not inhibit growth, but was ineffective for stabilizing pH. Miyasaka et al. (1988) tested effects of MES on winter wheat cultivated in liquid hydroponics and found that 5 mM MES effectively buffered pH but inhibited Zn accumulation by the plants. Cation-exchange resin beads also have been evaluated in several crop nutrition and growth studies. Amberlite IRC-50 resin beads removed large amounts of Mg +2 and Mn +2 from nutrient solutions, but the resin's effectiveness as a pH buffer was not reported (Bugbee and Salisbury, 1985) . Lahav et al. (1976) used Amberlite IRC-50 to maintain the pH of nutrient solutions containing The resin (50 g·liter -1 of solution) was sufficient to maintain pH 5.0. Without the resin, pH became acidic and limited the growth of diverse crops. In addition, Miyasaka et al. (1988) circulated nutrient solution through a column of Amberlite DP-1 in liquid-culture hydroponics. The resin beads used in that study buffered pH but also removed Mn +2 and Zn +2 from the nutrient solution.
Although both pH control strategies tested in the present study effectively stabilized rootzone pH, resin beads required an intensive procedure of conditioning, pH adjustment, and nutrient loading before use. Even after this procedure, the beads still may remove certain ions (e.g., Zn +2 , Mn +2 , and Mg +2 ) necessary for plant growth and development (Bugbee and Salisbury, 1985; Miyasaka et al., 1988) . This result may explain why the yield was highest for the 6% bead treatment, even though the 12% treatment maintained pH within more narrow limits.
Dwarf, rapid-cycling brassica tolerated the relatively high MES concentrations used in this study without apparent adverse effects. Because MES buffer generally is not absorbed by roots (Bugbee and Salisbury, 1985) , it must have accumulated within the hydroponic substrate. Therefore, it may not be necessary to apply MES continuously to achieve adequate root-zone buffering. Researchers using plant species other than those already tested should determine species sensitivity to MES before using this buffer at high concentration.
This study demonstrated that root-zone pH stabilization was necessary for solid-matrix hydroponics to optimize seed yield rates of dwarf, rapid-cycling brassica. The two pH control strategies tested, MES buffer and cation-exchange resin beads, were successful in stabilizing pH fluctuations within the rhizosphere of a low ion-exchange substrate. In general, both experimental treatments doubled crop yield rates over that of unbuffered matrix-based hydroponic systems. Even a small amount of ion-exchange (i.e., buffer) capacity may significantly enhance the yield of crops grown in hydroponic systems using a solid matrix for physical root support.
